Ultrasonically absorptive coatings (UAC) can stabilize the Mack second mode and thereby increase the laminar run on configurations where laminar-turbulent transition is second-mode dominated. Theory indicates that the stabilization effect can be essentially enhanced by increasing the UAC porosity. However, direct numerical simulations (DNS) showed that coatings having closely spaced grooves can trigger a new instability whose growth rate can be larger than that of Mack' second mode. The nature of the new instability is investigated theoretically and numerically. 2D linear DNS and stability analysis are performed for the temporally evolving boundary layer on a flat wall at the outer-flow Mach number 6. The wall is covered by UAC comprising equally-spaced spanwise grooves. It is shown that the new mode is associated with acoustic resonances in the grooves. Disturbance fields near mouths of resonating cavities are coupled such that the boundary-layer disturbance is decelerated and becomes unstable. To avoid this detrimental effect the coating should have sufficiently small porosity and/or narrow pores of sufficiently small aspect ratio. Restrictions on these parameters can be estimated using the linear stability theory with the impedance boundary conditions. 
I. Introduction
aminar-turbulent transition in high-speed boundary layer flow leads to a significant increase in heat transfer and viscous drag. [1] [2] [3] This motivates the development of laminar flow control (LFC) methods aimed at increasing the laminar run. 4 For predominately 2D configurations with sufficiently sharp leading edges (e.g. the X-43A vehicle) the dominant instability is associated with the Mack second mode and, presumably, the transition onset can be substantially delayed by stabilization of this mode. Fedorov et al. 5 showed theoretically that a thin porous coating can stabilize the second mode by extracting a portion of disturbance energy. The experimental and theoretical studies [6] [7] [8] [9] [10] [11] [12] [13] [14] demonstrated the robustness of this LFC concept. It has been shown that porous coatings of random and regular microstructures can suppress the second-mode growth and significantly delay the transition onset on a sharp cone at zero angle of attack.
To address issues of flow non-uniformities associated with the boundary layer growth, separation and junctures between coated and uncoated regions, two-dimensional (2D) direct numerical simulations (DNS) have been carried out for near-wall flows over a flat plate, sharp cone and compression corner at free-stream Mach numbers 5-6. 15 The impedance boundary conditions on the UAC surface were formulated using the theoretical model. 5, 7, 8 It was shown that the coating end effects associated with the upstream and downstream boundaries of the coated region are local and can be neglected in calculations of the UAC integral performance. For the compression corner flow, the porous coating weakly affects disturbances in the separation region and strongly stabilizes the second-mode waves in the reattached boundary layer. Using a similar approach receptivity to freestream acoustic waves radiating a flat plate with UAC has been numerically simulated for the freestream Mach number 6. 16 It was found that that a porous coating of regular porosity (equally spaced cylindrical blind micro-holes) effectively diminishes the second-mode growth rate, while weakly affecting acoustic waves.
The theoretical model 5, 7, 8 of the impedance boundary conditions on the porous wall surface has several limiting assumptions. First, it is assumed that the UAC roughness is negligibly small; i.e., micro-cavities do not trip the boundary layer. The theory does not provide specific restrictions on the pore size. Second, because interactions between neighboring cavities are neglected, there are no restrictions of the pore spacing and/or porosity. Third, acoustic characteristics of isolated pores are evaluated using solutions valid far from the pore mouth and bottom. They are extrapolated to the pore opening by neglecting the end effects. To validate these assumptions Brès et al. 17 have carried out 2D DNS of the interaction of incident acoustic waves with an array of equally spaced microcavities on a flat plate surface without flow. The reflection coefficient, characterizing the ratio of the reflected wave amplitude to the incident wave amplitude, has been computed as a function of the acoustic wave frequency and angle of incidence, for coatings of different porosity, at various acoustic Reynolds numbers. Overall, the numerical results confirm the theoretical predictions. The simulations also highlighted the presence of resonant acoustic modes caused by coupling of small-scale scattered waves near the porous surface. The cavity aspect ratio and the porosity were identified as the most important parameters. Guidelines for the choice of these parameters were suggested.
In Refs. 18 and 19, DNS of 2D disturbances has been conducted for the temporally evolving boundary layer on the aforementioned porous surface. Numerical solutions were obtained for relatively deep pores operating in attenuative regimes as well as for shallow pores operating in cancellation/reinforcement regimes with alternating regions of local minima and maxima of the acoustic absorption. In most cases, the numerical simulations agree with the linear instability theory that employs impedance boundary conditions.
The theoretical predictions were also compared with the numerical simulations of Sandham and Lüdeke 20 for the boundary layer on a thermally insulated wall at freestream Mach 6. 21 It was shown that for the coatings comprising equally spaced spanwise grooves and pores of rectangular cross-sections, the theory agrees well with the numerical solutions. Similar comparisons have been made by Wartemann and Lüdeke. 22 Good agreement for different porous wall cases with adiabatic as well as cold wall condition was demonstrated. It turned out that the theoretical model holds in a much wider range of the UAC thickness and pore sizes than it was expected before. It is feasible to relax the originally conservative restrictions on the UAC parameters and seek optimal porous coatings in a wider L parameter space. 21 For instance, it is feasible to reduce the porous-layer thickness and thereby facilitate the UAC manufacturing with increased UAC effectiveness. This feasibility has been confirmed experimentally. 23 Stability measurements on the UAC of various thicknesses showed that, in accord with theoretical and DNS predictions, an optimal UAC is approximately five times thinner than coatings tested in previous experiments.
Another important parameter, which strongly affects the UAC performance, is porosity. Because the UAC admittance increases with porosity, it is natural to assume that an optimal coating should have closely spaced pores. However, the numerical simulations 19 revealed a new unstable mode on the UAC of high porosity. It was found that the coating having 2D cavities of aspect ratio 0.3 and porosity 0.8 triggers the new instability whose growth rate can be larger than that of Mack second mode. The LFC performance of this and similar coatings of high porosity may be reduced significantly. In this paper we investigate the nature of the new instability and identify the coating parameters at which this detrimental effect may occur.
II. Numerical simulations

A. Problem formulation and numerical setup
Consider 2D boundary-layer flow on a flat plate covered by a porous coating comprising equally spaced 2D cavities ( figure 1 The temporally evolving boundary layer neglects the spatial growth of the boundary layer, and instead diffuses slowly with time. Over short time-scales associated with acoustic energy attenuation in the coating, the laminar boundary layer is essentially frozen, consistent with either a spatial or temporal description of the mean flow field. Details on the code algorithm, implementation and validations can be found in Refs. 18, 24 and 25.
In the current study, simulations are performed for linearized (LDNS) two-dimensional Navier-Stokes equations. Periodic boundary conditions are used in the streamwise direction, and the nominally laminar boundary layer spreads in time rather than streamwise position. The grid extends up to 5H in the y-direction, with a large buffer zone at the top boundary, to avoid spurious reflections. The streamwise extent of the domain was chosen to approximately correspond to the wavelength of the most unstable mode, and to have an integer number of cavities in the domain. All the numerical simulations are performed on similar stretched Cartesian grids, with clustering of points near the walls. The mesh contains about half a million grid points, with 100 points per cavity depth, and 12 to 60 points across each cavity length, depending on the pore aspect ratio.
The equations are solved for a perfect gas, with constant specific heat ratio For all the cases, parameters of this mode do not correspond to the Mack second mode, nor the acoustic resonant mode discussed in Ref. 19 . This is a slow supersonic mode with the phase speed being essentially smaller than
. Because its eigenfrequency is close to the continuous spectrum branch of slow acoustic waves, its eigenfunction should oscillate outside the boundary layer. This is confirmed by snapshots of the disturbance pressure field shown in figure 2 for cases 2 and 3. 
III. LST analysis A. Problem formulation
The linear stability problem is solved using the DNS mean-flow solution on the solid (uncoated) wall. 3D disturbances are represented in the traveling-wave form = , respectively. For the parallel boundary-layer flow, the system of stability equations is solved with the boundary conditions on the porous surface
where the porous-layer admittance A is calculated as
The characteristic impedance 0 Z and the propagation constant m are expressed in terms of the complex dynamic density / w ρ ρ ρ * * = and complex compressibility
The quantities of ρ and C are calculated using the analytical solutions 9 of the problem describing propagation of harmonic disturbances within a deep cavity In the solid-wall case, 0 A = , the boundary conditions (2) have a standard form
Outside the boundary layer, y → ∞ , the eigenmodes decay exponentially
The stability equations are integrated from the outer boundary-layer edge to the wall using a 4 th -order RungeKutta scheme and a Gram-Schmidt orthonormalization procedure. From known boundary conditions in the freestream, the eigenvalues are found using a shooting/Newton-Raphson procedure in order to satisfy the wall boundary conditions (2) . At convergence, the eigenvalues are related through the numerically obtained dispersion relation ( , , ) 0 D α β ω = . For the temporal stability problem, the wavenumbers α and β are real, whereas ω is complex eigenfrequency.
Note that the boundary conditions on the porous wall were obtained in the following framework: 1) slip effects leading to perturbations of (0) u and (0) w are ignored; 2) the temperature perturbation (0) θ is neglected; 3) the cross-sectional pore size is small compared with the pore length; 4) the interaction between disturbances in the neighboring pores is neglected; 5) the number of pores per disturbance wavelength is large; 6) the coating roughness is negligible; 7) the mean temperature of the porous layer is uniform.
B. Results
Hereafter the boundary-layer mean flow corresponds to the Reynolds number Re Re / 24000 H δ δ * = ⋅ = on the solid wall. We start with the LST analysis for the solid-wall case at viscosity ~T μ . Figure 3 shows that the spectrum behavior ( ) ω α is typical for a hypersonic boundary layer. 26, 27 Namely, for small wavenumbers α , the fast mode (solid line) coalesces with fast acoustic waves of the phase speed 1 1/ c M = + and the slow mode (dashed line) coalesces with slow acoustic waves of
. Owing to synchronization of these modes in the vicinity of 2.4 α ≈ , branching of the dispersion curves leads to destabilization of the fast mode and stabilization of the slow mode. Here the unstable fast mode corresponds to the Mack second mode.
As shown in figure 4 , the second-mode instability is effectively suppressed by the porous coatings having relatively deep cavities. For small porosity 0.1 φ ≤ (black and red lines), the second-mode instability corresponds to the fast mode having Similar behavior of the disturbance spectrum is observed in the case of const μ = . As shown in figure 5 , the second-mode instability is associated with the fast mode for 0.4 φ ≤ and with the slow mode for higher porosity. The porous coating effectively suppresses this instability. , const μ = . The situation changes dramatically in the case of high porosity and relatively shallow cavities. As an example, figure 6 shows the disturbance spectrum for the coating of 0.8 φ = and 0.3 Ar = (case 1 in Table 1 ). Besides fast and slow modes (red and blue lines), which are typical for the solid-wall and moderate porosity cases, there is a new unstable mode (black line). Figure 7 shows that the new instability occurs in a wide range of the wavelength λ and has significant growth rates, which can be larger than the second-mode growth rate in the solid-wall case. In the unstable region, the phase speed is rather small. The physical mechanism causing this deceleration is discussed below. The phase speed trajectory of the new mode in the complex c -plane is shown in figure 8 . As α increases, the phase speed departs from the branch-cut of slow acoustic waves, enters to the upper half-plane related to unstable waves and moves over this branch-cut in its close vicinity. The LDNS data shown in figures 6-8 by circles agree with the theory. Figure 9 shows that the pressure disturbance fields predicted by LST (black lines) and LDNS (colors) are very close. Outside the boundary layer, the disturbance behaves as an outgoing acoustic wave with the wave front having small angle with respect to the wall.
It is natural to assume that the new instability is associated with resonant interactions in the cavities. Indeed, figures 6 and 7 show that the frequency and phase speed of the new mode are close to the first acoustic resonance determined by the condition / /2 w H a ω π * * * = for an isolated cavity of small aspect ratio. In this case, each cavity works as an acoustic resonator that is effectively excited at the lowest frequency corresponding to 
To shed light on the physical mechanism causing deceleration of the disturbance over a porous surface, we consider a simple case -a 2D inviscid wave propagating over a grooved wall without external flow (figure 10). Over the wall, the pressure disturbance
which has the general solution 
The linearized y-momentum equation
gives
where
= is the porous wall impedance. Neglecting viscous effects inside cavities, we get
Substituting (13) and the expression for κ into the dispersion relation (12), we obtain the wave phase speed ( )
Equation (14) shows that the grooved coating leads to a decrease of the disturbance phase speed. As , the phase speed tends to zero. Thus, disturbance fields near the cavity mouths are coupled such that the near-surface wave can propagate much slower than acoustic waves in unbounded medium.
The LST results for 3D (oblique) waves related to the new unstable mode are shown in figure 11 for 1.219 λ = and 2.4374 corresponding to case 1. Maximal instability is observed for 2D waves of 0 β = , that is typical for acoustic instabilities of high-speed boundary-layer flows.
Now we consider dependencies of the new instability on the coating parameters. As shown in figure 12 , the mode is stabilized as porosity decreases. Presumably this is due to the fact that the vertical velocity amplitude averaged over the porous surface decreases proportionally to φ . Figure 13 illustrates the cavity depth effect where the eigenfrequency ω is shown as a function of the cavity aspect ratio Ar at the wavelength 
The LST computations for case 3 (~T μ ) give the phase speed of a new mode 0.2585 0.0269 c i = + . The pressure disturbance field predicted theoretically agrees very well with the LDNS solution ( figure 15 ). The real part of c is also close to the LDNS value given in Table 1 , while the imaginary part is essentially larger. Presumably this discrepancy is caused by perturbations of the longitudinal velocity on the UAC surface. In the LST analysis, these perturbations are ignored and the boundary condition is formulated as ˆ(0) 0 u = . To check this assumption we consider the linearized equation for the x-momentum in the inviscid approximation
The derivation of (15) takes into account that the mean flow has the longitudinal velocity ( ) U U y = , the vertical velocity 0 V = and density 1/T ρ = . For disturbances of the wave form
Near the wall ( 0 y → ), the amplitude of longitudinal velocity is expressed as
Equation (17) corresponds to pure slip. Because on the solid portions of the UAC surface ˆ(0) 0 u = , the disturbance amplitude averaged over the porous surface is
For first-cut estimates, we introduce a coefficient K to account for the reduction of ˆ(0) u on the cavity mouth by viscous effects. Then the boundary condition for the x-velocity amplitude is approximated as
The LST computations show that the boundary condition (19) 
IV. Summary
2D LDNS and LST analyses have been performed for the temporally evolving boundary layer on a flat wall at the outer-flow Mach number 6. The wall is covered by a porous coating consisting of equally spaced rectangular micro-cavities oriented in the spanwise direction.
For the coating with cavities of aspect ratio 0.3 and porosity 0.8, a new unstable mode was identified numerically. This mode propagates downstream with low phase speed and has a growth rate which can be larger than that of the most unstable second mode. The new instability was also captured by the linear stability theory with the impedance boundary conditions on the porous surface. In the case of const μ = , the eigenfrequencies and eigenfunctions predicted by LST agree with the LDNS data. In the case of T μ ∼ , the LST model overpredicts the new-mode growth rate. First-cut estimates indicated that this discrepancy may be caused by non-zero fluctuations of the longitudinal velocity on the porous surface.
The theoretical analysis showed that the new mode is associated with acoustic resonances in the cavities. Disturbance fields near mouths of resonating cavities are coupled such that the boundary-layer disturbance is decelerated and becomes unstable.
Parametric studies indicate that the new instability occurs on coatings having closely spaced cavities of moderate aspect ratio. To avoid this detrimental effect, which can reduce the UAC LFC performance, the coating should have sufficiently small porosity and/or narrow pores of sufficiently small aspect ratio. Restrictions on these parameters can be estimated using the linear stability theory with the impedance boundary conditions.
Note that previous theoretical, numerical and experimental studies of the UAC stabilization effect have been focused on the low-porosity and/or narrow-pore configurations, which do not provide favorable conditions for the foregoing instability mechanism. However, optimal UAC, providing maximal damping of the Mack second mode, have high porosity and relatively shallow cavities. 19, 23 Seeking this optimum, we should check that the porous coating does not sustain the new instability.
